Polyacetylene doped in the range one to five per cent has been shown to have low susceptibility yet high conductivity. A coordinated study of the structural, optical, magnetic and transport properties of polyacetylene doped with iodine to these nearly metallic levels shows that essentially all charges go into soliton-like states. The measurements are in quantitative agreement with charge transport via variable range hopping among soliton-like levels. A parallel conduction mechanism of thermal activation of charge carriers to 'high mobility' extended band states is proposed, and may dominate in less disordered samples.
Introduction
The transformation of polyacetylene, (CH)x, from a semiconductor to a metal-like material upon doping with donors or acceptors has been under intense study for the past several years [1, 2] . The soliton model [3, 4] has been very successful in explaining many of the transport, spectroscopic and magnetic properties of polyacetylene, especially in the lightly doped regime [5 -12] . The nearly metallic region of one to five per cent doping (0.01 ~< y ~< 0.05) is of particular interest. Here, the magnetic susceptibility of samples carefully doped with iodine [8] , perchlorate [13] , arsenic pentafloride [9] or sodium [14] is substantially lower than that of metallic polyacetylene (y >~ 0.06) yet the conductivity (o) is 'nearly metallic' (102 ~ o ~> 10 -1 ohm -1 cm-l). This result has led to a variety of suggestions for the charge conduction mechanism in this regime, including: variable range hopping [ 15 ] among soliton-!ike centers [ 16 ] , collective transport by mobile spinless charged solitons [14] and interchain hopping of bipolarons [17] . In this paper we demonstrate the important central role of charged solitons using iodine-doped polyacetylene as the model. We show how, under some conditions, disorder will dominate and charge conduction will be via variable range hopping. Finally, we introduce a parallel conduction path to account for variations from sample to sample and dopant to dopant: thermal activation of charge carriers to 'high mobility' extended states.
Experimental methods
Free standing polyacetylene films were prepared by the Shirakawa technique [18] . The films were ~90% crystalline [19] and were composed of ~500 )~ diameter fibrils [20] . The samples were doped with iodine using the 'slow doping' technique [8, 9] . Room-temperature reflectance measurements [21] were made between 20 and 20 000 cm 1 and Kramers-Kronig analysis gave the frequency(c~)-dependent conductivity, o(¢o). The temperature(T)-dependent magnetic susceptibility (×) was measured from 4 to 320 K with a calibrated [8] Faraday technique. The temperature-dependent thermopower S(T) and the four-probe o(T) were measured from 10 to 300 K with an apparatus that allows these quantities to be determined in the same run.
Optical properties
The o(co) for y = 0.033, 0.042 and 0.048 are shown in Fig. 1 for frequencies up to 6000 cm -1. Extension to 20 000 cm i for y = 0.042 shows that neither the interband transition at ~12 000 cm -~ nor the strong midgap absorption observed [7] at ~6000 cm -l is present. Instead, a single intense peak at 3000 -3500 cm i is found. The far-infrared conductivity obtained is in good agreement with the measured d.c. conductivity. The broad maximum in o(¢~) at 900 cm -I and the narrow peak at 1370 cm -~ have been associated with charged solitons created by chemical doping [5, 6] . The oscillator strength of these features (calculated after subtraction of the lowenergy tail of the ~3000 cm -1 absorption) is plotted versus doping concentration in the inset in Fig. 1 . The straight lines are extensions of the strengths of these absorptions at low doping levels [5, 22] , y ~ 0.01. Because the strength per dopant molecule is unchanged up to y = 0.048, we conclude that doping proceeds through the formation of charged solitons even for doping levels approaching five per cent. This value is twice the critical concentration measured [23] for the divergence of the dielectric constant (Yc = 0.022) in similarly iodine-doped samples. This dielectric divergence may then correspond to the formation of a soliton lattice [24] or Anderson transition [25] at yc. atom, while Table 1 shows that N(EF) for the two initially trans-doped samples is much smaller, nearly as low as that reported earlier [8, 9] for lowsusceptibility, slowly doped samples. Though small, the measured N(EF) is much larger than that of an uncompensated amorphous semiconductor [29] such as amorphous Si. The finite N(EF) is in accord with the phase disordering of the (CH)x Peierls insulator due to the aperiodic location of the dopants, where N(EF) is non-zero due to states being pulled out of the valence and soliton bands by the 13 disorder [28] . These states should retain soliton-like character. 
Structural disorder
X-ray diffraction measurements [30] of cis-(CH)x slowly doped to y = 0.033 and y = 0.048 show the same pattern as those for trans-(CH)x slowly doped to y = 0.017 and y = 0.042. This result is in agreement with earlier optical [22] and transport [31] studies which indicated that the doping of cis-(CH)x resulted in doped trans-(CH)x. For all iodine doping levels studied [30] , about one-third of the sample volume remains undoped, probably in the centers of the fibrils. Three broad X-ray reflections are found for [CH(I3)]x for interplanar spacings of 7.9 )k, 4.1 )k and 2.9 A, in agreement with a model [31] of intercalation between polyacetylene planes. The transverse coherence length for the doped (CH)~ is 20 -+ 5 A.
The coherence observed in the X-ray structural studies suggests that a side view of the iodine-doped (CH)~ system is as schematically shown in Fig. 3 . The actual extent of the disorder, and hence the magnitude of N(EF) , is expected to be a sensitive function of initial polyacetylene state (cis-trans content, crystallinity, fibril diameter, crosslinking, etc.), doping conditions (vapor pressure, soliton concentration or electrochemical potential, temperature, etc.) and dopant (dopant size, shape, reactivity, etc.). For example,
x[N{EF) ] of the doped initially cis-(CH)~ films, while smaller than the zero bandgap value, is generally larger than that of trans-(CH)~ doped to approx-
imately the same concentration [16, 33] . This may be due to increased disorder in the doped cis because of the large structural charges that accompany doping-induced isomerization, leading to a higher N(EF). In comparison, doping in trans is an intercalation process [32] that may introduce less disorder and hence lower N(EF) [34] . 
Transport properties
Because N(EF) is below the metallic value yet very high for a semiconductor, we have analyzed o(T) within the variable-range hopping (VRH) model [29] . This model gives Table 1 ). Then, assuming that [35] u 0 = uph exp(2cu~), where R is the separation between hopping sites and Vph is an optical phonon frequency (~3.6 × 1013 s-l), the conductivities calculated from eqn. (1) (OH in Table 1 ) are in good agreement with experiment. The decay length ~ evaluated for these samples is consistent with the effective dimensionally averaged decay length of a non-interacting soliton [10, 36] , ~ = (~j2~ll) v3= 3.6 A. This picture is also consistent with N(EF) being non-zero due to states being pulled out of the valence and soliton bands by the I a disorder [28] . These states should retain a large soliton-like character.
o( T) = ( 0.39[N(EF)/OlkB T] l/2voe2 ) exp[--( To/T)l/4],
The temperature-dependent thermopower is an independent probe of the specific charge transport mechanism. For example, for VRH [29] 
while for a metal [29] ,
The S(T) was measured on the same samples during the a(T) study [16, 37] .
The best fit [16, 37] for y < 0.04 was with eqn. (2) with N -1 dN/de ~ 0.4 eV -1, in agreement with variable range hopping. For the most highly doped samples, S(T) becomes more nearly linear in T, reflecting the nearly delocalized behavior consistent with the larger a -1.
Discussion
Although the disordered Peierls insulator with variable range hopping among soliton-like states is appropriate for these samples doped with 13-in the range 0.01 <~ y <~ 0.05, other samples of iodine<loped (CH)x [38] , C10~-doped (CH)x [13] and Na-doped (CH)~ [14] in the same concentration range have Pauli susceptibilities (and hence N(EF) ) too small for the straightforward application of the VRH model. This result has led to the suggestion of the importance of collective transport by mobile spinless charged solitons [14] and interchain hopping of bipolarons [17] .
We present here an alternative approach to understanding the charge conduction in these small N(EF) samples: thermal activation of charge carriers to 'high mobility' extended states [39] . As discussed above and illustrated in Fig. 2(a) , the phase disordering of the Peierls insulator by the random dopant potentials and reduced crystallinity lead to a finite density of states in the gaps between the valence and conduction bands and the soliton band. The edges of the valence, soliton (condensate) and conduction bands are no longer sharp [40] , the states in the band edges and band tails will be localized and the location of the mobility edge will depend on the individual dopant configuration [41] . Because the samples with small N(EF)
are usually doped in a particularly gentle manner (e.g., slow intercalation in trans-(CH)~ and use of very thin 50 A fibrils), it is plausible that the resulting doped polymer is much less disordered. The corresponding electronic structure is schematically as shown in Fig. 2(b) , with the states at the band edges being more 'extended' than those in Fig. 2(a) . For acceptor (donor) doping, thermodynamic equilibrium requires excitation of a finite number of electrons from the occupied valence (soliton) band to the unoccupied soliton (conduction) band, which is located at an energy 28 higher. An estimate of the number of charge carriers available at room temperature can be made using reasonable parameters for N(E) and 25. For simplicity, we assume here that the density of states for the valence, soliton (or condensate) and conduction bands is independent of E and has the same value in each band. More detailed assumptions for N(E) do not substantially change our results. Assuming [8] the density of states at the band edge is ~0.2 state/eV C (probably an underestimate because of the one-dimensional band structure) and, from the infrared data (e.g., Fig. 1) and magnetic data [8] , that 28 = 0.3 eV, the number of holes (electrons) excited at room temperature is given by (4) or n(300K) = 3 × 1017 cm -3. An equal number of electrons (holes) are excited into the soliton band. A more detailed treatment of carrier excitation in thermal equilibrium is given by Conwell [42] . At this concentration of electrons or holes, the magnetic susceptibility would be below that reported [14] for small N(EF) samples. For an electrical conductivity [14] of 1 ohm -1 cm -1, and assuming that the holes (electrons) in the valence (conduction) band and the electrons (holes) in the soliton band are equally mobile, o = nep requires a mobility of 11 cm2/V s for the excited charge carriers. This number is quite reasonable; it is even smaller than what is expected for polyacetylene. For comparison, the segregated stack charge transfer salt (tetrathiafulvalenium)-(tetracyanoquinodimethanide) [(TTF) (TCNQ)] has a mobility at 300 K of 4 cm2/V s [43] , while the 300 K mobility for electrons at the bottom of the conduction band of polyparaphenylene has been calculated [44] to be ~600 cm2/V s. The mobility for ordered polyacetylene was expected [44] to be similar to that calculated for polyparaphenylene.
n(T) ~ N(E)kBT exp(--~/kBT)
The total measured conductivity of a particular (CH)x sample is then a sum of contributions from hopping at the Fermi level, OH, and activation of carriers to the band edges, OA:
O" ----0" A + O H
With increasing disorder, OH is expected to increase (through increased N(EF)) while OA decreases (through decreasing p). As a result the conductivity of samples doped under a variety of conditions can remain in the range 10 -1 to 10 +2 ohm -1 cm -1 for 0.01 ~ y ~< 0.05 despite a widely varying N(EF).
Summary
In summary, the charges in nearly metallic polyacetylene are accommodated in soliton-like states. The detailed coordinated measurements of the structural, optical, magnetic and transport properties of polyacetylene doped with 13 to 0.01 ~ y <~ 0.05 are in quantitative agreement with charge transport via variable range hopping among soliton-like levels. It is shown how the conductivity of samples of much lower susceptibility may be accounted for by the thermal activation of carriers to extended states.
